The USEPA adapted a risk assessment approach in biosolids regulations that includes the use of an uptake coefficient (UC) (i.e., the ratio of plant concentration to quantity of element added) to determine limitations on selected elemental additions. The nature of the risk assessment requires UCs to be constants. Our hypothesis was that the UC for Cu, Fe, Mo, Ni, P, and Zn for biosolids-amended dryland winter wheat (Triticum aestivum L.) decreases with multiple biosolids applications at the same location. We applied up to 10 applications to two sites (designated North Bennett A and B) in eastern Colorado at rates from 2.24 to 11.2 Mg ha -1 per application from 1993 to 2013. Results indicated that grain concentrations for all six elements followed no discernible trend as the number of biosolids applications increased. The UC values for these elements compared with the number of biosolids applications followed exponential decay models (R 2 ranged from 0.329 to 0.879). Consequently, UC values will likely not provide constants for risk assessment where multiple biosolids applications are made on the same site. We found that the slope between cumulative elemental removal by grain (kg ha (1985)(1986)(1987)(1988)(1989)(1990)(1991)(1992)(1993)(1994)(1995)(1996)(1997). These authors concluded that USEPA's UC risk assessment models overpredicted corn grain uptake of Cd, Cu, Ni, and Zn. Chen et al. (2009) found that As, Cd, and Pb plant uptake factors determined in 70 California vegetable fields were probabilistic and fit log-normal distributions; they did not fit the USEPA model. Extensive evaluation of field and greenhouse studies led O'Connor et al. (2001) The aforementioned studies focused on UC determinations for either single biosolids applications or at one sampling time after addition. An important issue not addressed was how the UC for a given crop may change where continuous biosolids application at agronomic rates is practiced. Barbarick et al. (1995) found evidence that P, Cu, Mo, Ni, and Zn follow an exponential rise to a maximum model for winter wheat grain
Abstract
The USEPA adapted a risk assessment approach in biosolids regulations that includes the use of an uptake coefficient (UC) (i.e., the ratio of plant concentration to quantity of element added) to determine limitations on selected elemental additions. The nature of the risk assessment requires UCs to be constants. Our hypothesis was that the UC for Cu, Fe, Mo, Ni, P, and Zn for biosolids-amended dryland winter wheat (Triticum aestivum L.) decreases with multiple biosolids applications at the same location. We applied up to 10 applications to two sites (designated North Bennett A and B) in eastern Colorado at rates from 2.24 to 11.2 Mg ha -1 per application from 1993 to 2013. Results indicated that grain concentrations for all six elements followed no discernible trend as the number of biosolids applications increased. The UC values for these elements compared with the number of biosolids applications followed exponential decay models (R 2 ranged from 0.329 to 0.879). Consequently, UC values will likely not provide constants for risk assessment where multiple biosolids applications are made on the same site. We found that the slope between cumulative elemental removal by grain (kg ha -1 ) to the cumulative amount of element added with biosolids (kg ha -1 ) provides a constant over the number of biosolids additions (R 2 ranged from 0.471 to 0.990). As compared with the USEPA approach, our strategy of looking at cumulative changes may provide better estimations of wheat-grain concentrations for risk assessment of biosolids-borne elements. ). The UCs for these two crops varied from 6.25 times greater for Ni in radish globes to 20 times lower for Cu in lettuce compared with the USEPA UC values. Granato et al. (2004) land-applied ~540 Mg biosolids ha -1 from 1974 to 1984 and then monitored corn (Zea mays L.) for 13 yr after biosolids applications ceased (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) . These authors concluded that USEPA's UC risk assessment models overpredicted corn grain uptake of Cd, Cu, Ni, and Zn. Chen et al. (2009) found that As, Cd, and Pb plant uptake factors determined in 70 California vegetable fields were probabilistic and fit log-normal distributions; they did not fit the USEPA model. Extensive evaluation of field and greenhouse studies led O'Connor et al. (2001) ). Mullen et al. (2005) found the UC for Mo in unwashed winter wheat (Triticum aestivum L.) forage was 0.36, compared with the USEPA value of 0.42.
The aforementioned studies focused on UC determinations for either single biosolids applications or at one sampling time after addition. An important issue not addressed was how the UC for a given crop may change where continuous biosolids application at agronomic rates is practiced. Barbarick et al. (1995) found evidence that P, Cu, Mo, Ni, and Zn follow an exponential rise to a maximum model for winter wheat grain concentrations versus the accumulative amount of element added. Li et al. (2012) also observed an exponential rise to a maximum uptake response for wheat grain Zn and Cu after biosolids land application. These results suggest that UC values would subsequently decrease as the elements are continually added through biosolids application. Consequentially, the assumption that UCs are constants would be invalid.
Our hypothesis was that winter-wheat grain UC values for P, Cu, Fe, Mo, Ni, and Zn will decrease significantly as the number of biosolids applications increase. The findings of Barbarick et al. (1995) that Cu, Mo, Ni, and Zn wheat-grain concentrations versus cumulative element addition follow an exponential rise to a maximum regression model prompted this hypothesis. We determined the UC values for pollutants of interest (Cu, Mo, Ni, and Zn) and for two nutrients (P, Fe) that are over 1% concentration in the biosolids used in the current study. We used linear decline (Eq. [2]) and exponential decay (Eq. [3]) models to test this hypothesis.
where a is the y axis intercept and b is the slope, and
where c is the amplitude of the curve and d is the rate constant. Model choice is based on the equation that has the highest R 2 and lowest probability level and standard error of the estimate.
Materials and Methods

Plot Design
The biosolids research locations for this study were approximately 20 km north of Bennett, CO (referred to as North Bennett; 39.9563 N, 104.462 W) and were initiated in the summer of 1993. We have followed a wheat-fallow rotation on two fields (site A was initiated in 1993, and site B was initiated in 1994) consisting of Weld loam (fine, smectitic, mesic Aridic Argiustoll) (NRCS, 2014) . The initial soil pH of the top 20 cm was 6.9 at both sites. The pH across treatments and both sites in 2012 and 2013 ranged from 6.9 to 7.8. The anaerobically digested biosolids from the Littleton/Englewood, CO Wastewater Treatment Plant (L/E; (Barbarick et al., 2000) . Each year in late July or early August, we distributed the material evenly over the plots. We manually applied urea fertilizer (46-0-0) at rates of 0, 22.4, 44.8, 67.2, 89.6, and 112 kg N ha -1 to separate plots at the same time as biosolids application. Four replications of each treatment at each site were randomized in a complete block design (24 biosolids and 24 N fertilizer plots). Wheat grain was harvested and yields were determined in July each year, except for 2000-2001 at site B where the crop was lost to hail damage. Ground grain samples were digested in concentrated HNO 3 and analyzed for P, Cu, Fe, Mo, Ni, and Zn concentrations by inductively coupled plasma-atomic emission spectrophotometry (Soltanpour et al., 1996) . Ippolito (2007, 2008) provide further research-site details.
Statistical Analyses
SAS Proc Mixed (SAS, 2014) was used to calculate the ANOVA for each grain concentration and UC. We used SAS Proc Reg (SAS, 2014) to find the slope of plant concentration versus Barbarick et al. (1995) found that six applications of up to 144 Mg L/E biosolids ha -1 in a wheat-fallow rotation resulted in winter wheat grain P, Cu, Mo, Ni, and Zn concentrations versus the cumulative amount of element added fitting an exponential rise to a maximum regression model. In the current study at a different set of locations, the maximum amount of L/E biosolids applied was 112 Mg ha -1 in 10 applications. We found no discernable pattern of grain concentration versus elemental additions (nonsignificant changes over time); all regression models produced probability levels >0.05 (Fig. 1) . One major difference between the two studies was the amount of biosolids added. The current study was designed to study plant and soil N and trace element changes within a range of agronomic rates. The Barbarick et al. (1995) study included rates to test the impact of up to 10 times the agronomic rate. The lower applications in our current study apparently were not conducive to developing an exponential rise to a maximum regression model.
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Results and Discussion
The ANOVAs showed that the factors that affected the UCs for Cu, Fe, Mo, Ni, P, and Zn were the research site and the number of biosolids applications. Biosolids rate did not affect the UC values primarily because of the low rates of application (data not shown). Consequently, we developed regression models for Eq.
[2] and [3] based on the number of biosolids applications for both research sites. For each element tested, the exponential decay model (Eq. [3]) generally had superior R 2 values, probability levels, and standard errors than the linear decline model (Eq.
[2]) ( Table 2 ). Figure 2 indicates that the probability level for all models was <0.01 except for Fe at both sites and Ni at site B. The R 2 values for the Cu, Mo, P, and Zn exponential decay models exceeded 0.77, whereas the R 2 values for Fe and Ni were <0.40. These results refute the inherent assumption in the USEPA risk analyses for the 503 biosolids regulations that the UC is constant. In fact, using the USEPA (1993) grain and cereals UC values for Ni (0.03) and Zn (0.027) and the regression models for each site separately and combined (Fig. 2) , we calculated that about 19 and 18 biosolids applications would be required to reach the USEPA UC values for Ni and Zn, respectively. The USEPA risk assessment approach does not use UC for the other elements we studied.
If a constant that represents the effect of elemental additions on plant response is a consideration in risk assessment, then an alternative approach is to use the slope of the cumulative quantity of elemental plant removal to the cumulative amount of element added to estimate elemental grain concentration. For all elements tested as shown in Fig. 3 , the removal versus amount added followed linear models for both sites and for the combined data except Mo, which followed an exponential rise to a maximum at sites A and B. All R 2 values were >0.76. The slopes for the linear models also indicate that 0.40 to 0.42, 0.05 to 0.06, 2.1 to 2.6, 6.6 to 13, and 1.6 to 1.7% of the biosolidsapplied Cu, Fe, Ni, P, and Zn, respectively, were removed by the grain for any given number of biosolids applications at agronomic rates.
These results support the hypothesis that the UCs for dryland winter wheat grain Cu, Fe, Mo, Ni, P, and Zn decrease as the number of biosolids applications increases. The UC versus biosolids application followed exponential decay models for all elements at site A and the combined data and all but Fe and Ni at site B. Consequently, the variable nature of UC argues against its use in risk assessment of biosolids impact on winter wheat that receives multiple biosolids applications. We suggest that the ratio between the cumulative removal of an element to the cumulative amount of an element added in biosolids application should be used in determining wheat-grain concentrations for risk assessment of Cu, Fe, Ni, P, and Zn. This ratio was found to be constant over the number of biosolids application. The amount of Cu, Fe, Ni, and Zn removed after any given number of biosolids application ranged from about 0.05 to 2.6%, whereas P removal ranged from 6 to 13%. 
